Abstract. Aggregates are generally divided into three scenarios, depending on the production methods. The first scenario considers the production of natural aggregates (NA), while the second scenario views the production of recycled aggregates (RA) with construction and demolition (C&D) waste. The third scenario, however, is a hybrid scenario which is the combination of NA and RA, assuming a mixing percentage of 50%. In point of fact, the first scenario is the current policy implemented in many countries, whereas the second and the third scenarios are the proposed alternative options. The present study evaluates the environmental impacts and cost of the production of aggregates via each scenario, in a way that energy consumption, CO 2 emissions and cost are considered as the main variables. The total cost encompasses the costs of investment, energy, and maintenance. To conclude, this research reveals that Iran's current policy with an annual energy consumption of 1.48 million tons of oil equivalent can have a footprint of 2.88 million tons CO2eq emissions per year and cost of 1301 million USD per year (the first scenario). Achieving 30%, 36% and 32% reduction in annual energy consumption, CO 2 emissions and total cost, respectively, by the third scenario compared to the first scenario unravels the destructive effect of the first scenario from environmental and economic perspectives.
Introduction
In Australia, approximately 8.7 million tons of concrete demolition waste, 1.3 million tons of brick demolition waste, 3.3 million tons of rock excavation waste, 1 million tons of glass waste, and 1.2 million tons of asphalt pavement waste per year have been reported (Arulrajah et al., 2013) . According to another report (Tam et al., 2010) , 42% of the total waste in Australia is dedicated to construction and demolition (C&D) waste; moreover, it is noticeable that concrete waste constitutes 81% of the C&D waste in this country. Similarly, 29% of the solid waste in the USA is the C&D waste (ibid). In the USA, approximately 30 million tons of concrete have to be discarded each year (Liang et al., 2013) , a phenomenon which could be named as disposal. Thirty-eight percent of the total annual waste in Hong Kong equals 14 million tons, 11 million tons of which are utilized in public applications such as reclamation and embankment, while the remaining 3 million tons are buried in landfill (Tam et al., 2010) . However, Japan is far more environment-friendly in this field, and only is 16% (approximately 750 thousand tons) of its total waste related to annual C&D waste. This means that Japan prevents landfilling by its highly efficient construction waste recycling system (ibid). However, according to Huang et al. (2013) , there are relations between population growth, urbanization, material demand, and waste generation. An accurate estimation of these relations strengthens future planning and computation accuracy.
Likewise, the C&D waste generation in Iran is higher than that of other countries. According to the report prepared by Tehran Waste Management Organization (TWMO), the total rate of annual C&D waste generation in Tehran is 15.33 million tons (about 42,000 tons per day) that are extremely difficult to be controlled and managed (TUPRC, 2013) . A serious concern latent in the above-mentioned statistics is the uncontrolled exploitation of stone quarries to produce sand and gravel. This issue involves environmental risks and neglects the principles of sustainable development by converting the stone resources necessary for future generations to the demolition waste. In the USA, approximately 2 billion tons of aggregates are produced every year; additionally, this rate is expected to escalate up to 2.5 billion tons by 2020 (Harrington, 2005) . Generally, annual production of building materials and products leads to consuming more than 3 billion tons of raw materials in the world (Saghafi and Teshnizi, 2011) .
The industrial sector is believed to be one of the major sectors polluting the environment to such a large extent that 30% to 70% of the global energy consumption and CO 2 emissions are related to the industrial (manufacturing) sector. This rate was approximately 500 million tons in 2012 in Iran (with an upward trend compared to that in 1990) (Oh et al., 2014) . On the other hand, about 80% of greenhouse gas (GHG) emissions arise from energy production (Coelho and de Brito, 2013) . These problems will not be solved unless the construction materials in construction tasks are reused, recycled, and reduced (3R) (Tam and Tam, 2006) .
Studying the environmental impact of recycled construction materials such as plastic, polypropylene (Yin et al., 2016) , iron, glass, cement, and others has been targeted around the world. Thus, recycling glass containers has resulted in a significant reduction by 27 and 37% in energy consumption and GHG emissions, respectively (Vossberg et al., 2014) . Correspondingly, one of the solutions for reducing the uncontrolled extraction of stone quarries is recycling aggregates, leading to decreasing energy consumption and GHG emissions (especially CO 2 ). In addition to economic (Tam, 2008; Zhao et al., 2010 ) and environmental benefits (Oliveira et al., 2016) , recycling aggregates is also feasible in terms of technical-quality criterion (Huang et al., 2002) so that it can be reused in concrete usage (Sabai et al., 2013) or construction of roads (Petkovic et al., 2004) . Recycling, recycling C&D waste in particular, is one of the key issues in implementing sustainable development that can reduce human health risks and, as Woon and Lo (2016) have stated, can be measured through life cycle human health (LCHH). Other attempts can encompass life cycle energy assessment (LCEA), life cycle carbon emissions assessment (LCCA) (Chau et al., 2015) , life cycle cost (LCC) (Ristimäki et al., 2013; Mangan and Oral, 2016; Islam et al., 2015a) , and life cycle environmental impact (LCEI) (Islam et al., 2015b) . It is believed that the recycling industry in Iran has displayed a poor performance and is actually at the beginning of the path to development. As a developed country in the domain of recycling, Japan has enforced the relevant regulations and instructions to meet its environmental objectives Ghanbari et (Liang et al., 2013) . Furthermore, France has practiced sustainable development in the cultural aspects and has established the use of recycled materials in the fields of civil engineering and architecture (Sieffert et al., 2014) . Previous studies relating to aggregates production are focused primarily on construction concrete and secondly on life cycle assessment (LCA). Lack of considering cases such as energy and emission evaluation together with cost analysis and also assess of different scenarios include of natural, recycled and mixed aggregates in the previous studies are the research gap. The total cumulative energy demand in the production of aggregates will have a significant impact on the completed construction cost as well as energy price. In addition, the cumulative environmental impacts of the energy supply and the excessive exploitation of stone quarries authenticate the investigation. However, little attention has been paid to recycled aggregates. Indeed, this research assesses the environmental feasibility studies of setting up the recycling centers of aggregates in the landfill location of cities where landfills have created the environmental crisis. All of the above-mentioned cases show the gaps in the research into aggregates, which this study aims to cover .
The present study seeks to estimate the environmental variables (energy consumption and CO 2 emissions) of the production of aggregates in comparison with the recycling alternatives. Furthermore, this research evaluates the economic feasibility of setting up recycling centers for aggregates in the landfill location of cities, where landfills have created environmental crises. For this purpose, the production scenarios of natural and recycled aggregates as well as the hybrid scenario are evaluated and compared. This paper comprises five sections, including this introduction. The second section describes the scope of this study, including the description in detail of the life cycle assessment. The data collected section sets out the required information for environmental and cost analysis. A detailed presentation, analysis and discussing of the results achieved is included in the fourth section. The paper ends by summarising the main conclusions of this research study.
Methodology and materials
Evaluating the energy consumption and CO 2 emissions is the most visible environmental criterion feasibility of recycling concrete measures (Oliveira et al., 2016) . The scenarios of emissions include CO 2 , CO, CxHy, NOx, and SO 2 pollutants (Ping and Yidong, 2011) . In this research, however, we only investigate energy consumption, CO 2 emissions and other operating and investment costs related to the production of aggregates.
Therefore, CO 2 emissions and energy consumption are the main environmental variables in the present study. Accordingly, the total cost is the economic variable. Computing the variables need the evalution the life cycle of aggregates which extraction and processing phases are more considerable in this research. On the other hand, research method of the most of the related previous studies in environmental impacts assessment is life cycle assessment (LCA) approach. To that end, concept of LCA approach is partially applied. Application of this approch in the present study is used and developed by Microsoft Excel software.
The stone materials are aggregates which depend on the size of these materials and are utilized in roads and construction development projects. The major applications of construction aggregates include roads and pavements (Petkovic et . In this study, the ranges determined are converted into non-logarithmic grain curves to gain a conceptual understanding. Fig. 1 depicts the grain curve of standard NA for buildings concrete applications. The grain curve of the aggregates selected should be between the minimum and maximum range in order to achieve a good grain in this case. 
Goal, scope and inventory modelling
The awareness of energy consumption and CO 2 emissions (the main environmental variables of the study) and total costs leads governmental organizations to reduce the utilization of stone resources (quarries). The schematic sketch of the production of aggregates is presented in Fig. 2 . In point of fact, Fig. 2 can be considered as the conceptual model of the present research. In this research, only are the quarry_crushing plant and landfill_recycling plant phases explored. In addition, the detailed observation of Fig. 2 indicates the scope and inventory of LCA model. The scope of this research encompasses natural and recycled aggregates, energy consumption, CO 2 emissions and cost, production of aggregates, and recycling plants.
An inventory (stock) evaluation requires a database. The existence of the data means creating a model, and each model contains inputs and outputs. In this study, the inputs data of the model include the production and recycling process of aggregates, the number, type, and specifications of the equipment, and the energy consumption. CO2 emissions and cost of each equipment. The outputs of model include total energy consumption, CO2 emissions and the total cost. The functional unit in this study is annual production of NA and/or RA by 480,000 tons/year. 
Figure 2. Conceptual model sketch of production of aggregates
In the present study, the total cost is divided into two categories: I. The investment cost which includes the purchase of equipment and the start-up of the plant and II. Operating costs, including the costs of energy consumption and maintenance. The maintenance cost includes the annual costs of service, spare parts, and technical human resources (HR). The computing process of energy consumption and CO 2 emissions is based on the following simple relationships which P represents the power rating of each equipment and h is operating hours of each apparatus:
According to the US Environmental Protection Agency (EPA) (AP-42, 1995), in the above-mentioned equation, E stands for emissions, A stands for the amount of activity (energy consumption), EF represents emissions factor, and ER shows the efficiency percentage to reduce emissions. In this study, the effect of the ER reduction factor is ignored in order to increase confidence. Electric and diesel emissions resulting from energy consumption must be estimated separately. Each of these two energy sources has a separate emission factor for CO 2 . Thus, the total amount of emissions in each scenario is equal to the sum of the two emissions mentioned above.
Scenarios
Aggregates production methods can be classified under the following three categories: Ghanbari et -Obtaining natural aggregates from quarries )first scenario) -Obtaining recycled aggregates from C&D waste in recycling plants )second scenario) -Combined method (third scenario) Natural (virgin) aggregates are crushed and processed in the crushing plants after being extracted and mined (via blasting or drilling way), while recycled aggregates are processed after operating the recycling plants on the landfill sites. Both of these plants include two types of fixed (central) and mobile plants (Zhao et al., 2010) . In the present study, the fixed plant type, which is more comprehensive, is investigated.
As mentioned earlier (Fig. 2) , the present study follows three scenarios (Fig. 3) . Generally, quarry extraction and NA production have become a norm, and owners of stone (sand and gravel) quarries are continuously operating quarries, regardless of the principles of sustainable development (C&D waste recycling solution). Under such a condition in Iran, the present study focuses on the two scenarios of NA production and RA plant set-up in the landfills. The first scenario is dedicated only to extraction and crushing phases, whereas the second scenario concentrates on the C&D waste supply to crusher (pre-crushing) and processing phases (after setting up the plant).
The third scenario is a hybrid approach combining scenario 1 and scenario 2. In other words, it is a combination of NA and RA. Thus, energy consumption, CO 2 emissions and costs can be obtained in direct proportion to the hybrid design of aggregates. 
Description of the production and recycling facility (process)
After defining the model, objectives, inventory, scope, variables, and relevant data, it is high time that we defined the industry studied. Today, as mentioned before, aggregate production and recycling are defined in the form of crushing and in the central plant and also the mobile type. In this research, with regard to the large-scale proposed recycling plan for Iran, only is the central type (fixed) considered. NA production (the first scenario) consists of three stages. In the first step, raw stone materials should be extracted from the mine via explosion and/or drilling methods. In the second step, stone rubbles should be transported to the crushing plant. The third step includes crushing, reducing the size and converting the rubbles into aggregates (gravel and sand). This phase is referred to as the processing or crushing phase. All of these operations are integrated (scenario 1) so as to produce NA, whose schematic process is based on one of the aggregate producers of Tehran quarries and is aimed for basic computations. This producer is the Akam Gravel Company located in the west of Tehran and is a marine quarry with 3 aggregate production lines. The recycling process of the aggregates is similar to that of the NA production plant. In RA plants, there are only pre-crushing and crushing steps. This plant (scenario 2) requires the initial set-up and installation of equipment. The recycling process of the aggregates is considered for the next computations based on a Chinese proposed plan (a 200-ton / hour plant proposed by Zhengzhou Yifan Machinery Co., Ltd).
Data collected for environmental, energetic and cost analysis
To assess all of the procedures and processes defined in the life cycle assessment (CO 2 emissions, energy consumption and cost), the inventory model should be computed and analyzed. For this purpose, both of the production and recycling plants with the capacity of 200 tons / hour are studied. In this type of plants, the complex efficiency depends on the efficiency of each of the related equipment, among which the crushers can be regarded as the main equipment, to determine the overall efficiency based on the importance of the task. Tables 1 and 2 demonstrate the list of equipment for both of the above-mentioned plants along with the required specifications and the related investment costs. Diesel is the fuel consumed in extraction and transportation machinery, while the crusher equipment package utilizes electricity. The work shift of these centers is 8 hours a day (due to environmental hazards such as noise and air pollutions, particularly in the urban suburbs). The basic period of working time in these centers is one year. According to the International Energy Agency (IEA, 2014), since a large part of energy resources in Iran is crude oil (one of the fossil fuels), the kilogram oil equivalent (kgoe) unit is employed for energy computation (as electrical to thermal conversion efficiency) to integrate the data obtained. Therefore, a conversion coefficient of 0.29 is utilized to convert the final electricity demand in kW h to primary energy in kgoe. Similarly, CO 2 eq / kgoe is used for CO 2 emissions. The emission conversion factor of 1.2 (kg CO 2 eq / kgoe) is used for the electricity-powered apparatus (Coelho and de Brito, 2013). For the diesel-powered machines, 0.086 (kgoe / kW h) was considered as the final/primary energy conversion factor and 3.032 (kg CO 2 eq / kgoe) was considered as the specific CO 2 eq emission factor (Coelho and de Brito, 2013). Table 3 summarizes the above-mentioned factors influencing the conversion of heat and electricity units to fossil fuels and CO 2 emissions.
Results and discussions
As mentioned in the second and the third sections, a simplified life cycle analysis (LCA) is used for identifying and measuring the impact of aggregates production on the environment. Accordance to relations 1 and 2, the energy consumption and CO 2 emissions rates are computed for the both of scenarios 1 and 2 in the life cycles include of pre crushing (extraction) and crushing. Tables 4 and 5 show the results of equivalent energy (oil) consumption and equivalent CO 2 emissions and also the cost values of energy consumption for each scenario. The proper judgment on the scenarios requires a precise evaluation of the total cost. As mentioned above, the third scenario is a hybrid scenario, i.e. the combination of NA and RA with a predetermined mixing percentage based on qualitative and experimental considerations. In this research which is subject to a moderate approach, a mixing ratio of 50% is assumed for the aggregates. Hence, the average results of environmental impacts (energy consumption and CO 2 emissions) and cost analysis (investment and energy consumption) of the scenario 1 and scenario 2 will be assigned for the third scenario. Table 6 summarizes the data computed of energe consumption, CO 2 emissions and cost values. The values of environmental variables computed for each scenario are indicated by bar charts in Fig. 4 . The horizontal axis of this diagram demonstrates the scenarios involved in different phases. Moreover, the upper and bottom vertical semi-axis represent the yearly values of the energy consumption and CO 2 emissions respectively. ccording to Fig. 4 , the first scenario is in a crisis situation compared with scenario 2 and scenario 3. Although the third scenario is in a balanced position towards the first scenario which is easily visible in the final situation graph (Fig. 5) , the second scenario includes the lower values. According to Table 6 and Fig. 4 , the major energy consumption in the first scenario is related to the crushing phase, which leads to an increase in the total energy consumption. However, the rate of CO 2 emissions in the extraction phase (pre-crushing) is more than that of the crushing phase because the extraction phase employs the diesel machinery which has a higher emission factor compared to the electric apparatus. Since there is not a large number of diesel machines in the second scenario, energy consumption is very low in the pre-crushing phase. In this scenario, the wheel loader and the hydraulic excavator are utilized to prepare and feed the C&D wastes to the crusher; therefore, the energy consumption in this scenario is assigned to the precrushing phase. In the second scenario, the major energy consumption is related to the crushing phase. Similarly, in the third scenario, the major energy consumption and CO 2 emissions are related to the crushing and the extraction phases, respectively. In order to reduce the environmental consequences resulting from the exploitation of stone quarries in Iran and the world, scenarios 2 and 3 should be selected. It must be noted that scenario 2 is the eco-friendly choice.
In point of fact, the computations shown are related to the annual performance (300 day × 8 hour) of just one plant with a capacity of 200 tons per hour. This means that each of the resultant values is related to the annual production (200 × 8 × 300 = 480000 tons) of just one plant. To obtain the values for each ton of aggregates, the results need to be divided by 480000, which is done in Table 7 . These amounts fall within the ranges which have been used in one of the environmental studies related to life cycle concrete block (Oliveira et al., 2016) .
It has been reported that there are 1345 active (operating) sand and gravel quarries in Iran (SCI, 2016) . Multiplying this number by the annual CO 2 emissions will result in a huge number which shows the total value of the first scenario for the whole country. Based on the number of Iranian active quarries, the annual values of energy consumption, CO 2 emissions and cost in the present situation (the overall scenario 1) and other scenarios are summarized in Table 8 . However, it is a lofty ideal that if the recycling plants are constructed in proportion to the number of these active quarries (the overall scenario 2), there will be a significant difference between the overall scenario 1 and the overall scenario 2. Likewise, via the mixing ratio of 50%, the overall scenario 3 could also be established, considerably saving the energy consumption, CO 2 emissions and the related costs. This hybrid scenario is achievable by strategic planning and governmental support. As Table 8 illustrates, the overall scenario 3, which is a conservative approach, leads to 30%, 36% and 32% reductions in energy consumption, CO 2 emissions and cost, respectively, compared to the overall scenario 1 (the current situation in Iran). These results are similar to those of container glass recycling, leading to significant reductions of 27% and 37% in energy consumption and GHG emissions, respectively (Vossberg et al., 2014) . Implementing this policy and analyzing these values for the United States, which produces 2 billion tons of aggregates annually (Harrington, 2005) , will yield more tangible outcomes. If the rate of CO 2 emissions in the overall scenario 1 is analyzed for the next 10 years in Iran, regardless of the annual population growth which is the growth factor of C&D wastes (Huang et al., 2013 ), Iran's share in global pollution and CO 2 emissions in the aggregate sector will be determined, which will undoubtedly be an enormous number. CO 2 emission is a consequence of the energy consumption and the energy consumption is achieved by converting the final energy to primary energy. Therefore, the convertion factors of energy and emission are the sensitive parameteres. Thus, a tiny change in the rates of convertion factors woluld make more significant effect on the results towards to other parameteres such as power of apparatus in any scenario. 
Conclusions
The economic assessment of the production of aggregates was the main objective of the present research. Three important variables in this study were energy consumption, CO 2 emissions and cost. Furthermore, three scenarios were evaluated. The first scenario focused on the production of natural aggregates (NA) by raw stone extraction from quarries as well as processing the aggregates in the crushing plants. This scenario consists of the extraction and crushing phases with diesel-electric machinery and equipment. As Iranians do not have any experience in the recycled aggregate (RA) industry, the second scenario is the solution by which RA is obtained from construction and demolition (C&D) waste. This scenario suggests operating the recycling plants on the landfill sites of cities, where landfills have created an environmental crisis. This scenario also has two phases: landfill or pre-crushing (supplying C&D wastes to crusher) and processing (crushing); furthermore, the majority of equipment in this scenario consumes electricity. The third scenario (the hybrid scenario) is a solution similar to the second scenario but suggests the combination of NA and RA with a mixing ratio. This ratio depends on the aggregate usage type (buildings, concrete, roads construction, and pavements) and needs related experimental research. In the present research, the mixing ratio of 50% was assumed for the aggregates.
Life cycle assessment (LCA) approach as a basic concept was partially applied to assess the environmental impacts. In each scenario, the variables were analyzed for different phases of the life cycle of NA and RA plants. The total cost includes investment, energy, and maintenance costs. Analysis of the results revealed that the current situation in Iran (the first scenario) is the most intense policy that could cause excessive CO 2 emissions and quickly reduce the aggregate resources of next generations (thus, this scenario is against sustainable development). In addition, this scenario puts municipalities under pressure to provide sufficient landfills. In this research, the approximate rates of 1.48 million tons oil equivalent/year, 2.88 million tons CO 2 eq emissions / year and 1301 million USD / year are estimated for the aggregate production sector in Iran (the first scenario). This policy, with regard to the effects of population growth and C&D waste growth, will soon lead to intense environmental hazards.
The second scenario is the most ideal solution; however, high technical specification of aggregates is required in the majority of applications. Accordingly, the use of RA alone is probably not satisfactory. Therefore, it is problematic to implement this scenario alone. The third scenario (the hybrid approach) is more acceptable due to reducing energy consumption, CO 2 emissions and costs and taking technical-qualitative advantages of NA and RA. It was found that the third scenario will reduce the annual energy consumption, CO 2 emissions and cost by 30%, 36% and 32%, respectively, compared to the first scenario. Last but not least, it is worth mentioning that implementing this scenario requires perfect financial support from the government. Generally, Combination of NA and RA is an ideal option while natural aggregates production has the greatest environmental impact. Thus for the Iran situation, use of concrete and other construction product of aggregates need a suitable life cycle assessment technique which can consider the energy consumption, CO 2 emissions and cost simultaneously. Experimental and mathematical study for determining the optimal ratio of NA and RA combination for each construction application aggregates is one of the most important recommendations and future development needs to be incorporated that would pave the way for future researchers.
